INTRODUCTION
The stable coexistence of sympatric taxa is characterized by differences in niche, as shown by both theoretical and empirical studies (see Tokeshi, 1999 , for a recent discussion). For example, classic studies of Anolis lizards (Roughgarden, 1979 ) and Darwin's ®nches (Grant, 1986) and recent, de®ning studies of limnetic ®sh (Galis & Metz, 1998; Schluter, 1998) all show clear separation of coexisting species on major niche axes. Recently, emphasis has returned to the possible role of niche divergence in the process of speciation. Theoretical models derived from adaptive dynamics strongly suggest that divergent selection acting on an initially monomorphic population, optimally exploiting a habitat and experiencing intraspeci®c competition, is capable of producing evolutionary branching and, ultimately, sympatric speciation (Dieckmann, 1997; Dieckmann & Doebeli, 1999) . The result is two species that evolve to express two distinct niches.
One way to investigate the role niche differentiation may play in the coexistence of similar species and the role it may have played in their evolutionary divergence is to examine the physiological tolerances of pairs of closely related, sympatric species or species that are in the process of diverging in sympatry or parapatry. The endemic Madeiran land snail genus Heterostoma is such an example. Most recent, genetic evidence suggests that this genus contains two closely related taxa that may still be in the process of speciating (Craze, 1999a) . The taxa differ in shell morphology and genital anatomy (Lace, 1992) and it is this latter feature which is used to de®ne taxa. Those producing fully developed male and female hermaphroditic genitalia are referred to as euphallic while those without a¯agellum and with a reduced epiphallus (both distal male organs involved in outcrossing) are hemiphallic. They occur in sympatry in south-east Porto Santo, the second largest island of the Madeiran group, and on the nearby island of Cima (Fig. 1) . Previously the taxa have been variously classi®ed as two genera (hemiphallics being named Steenbergia while the name Heterostoma has been reserved for euphallics) or as a single species (Heterostoma paupercula) showing intraspeci®c genital dimorphism (Mandahl-Barth, 1943; Walde Ân, 1983) . Evidence is accumulating that hemiphallics and euphallics are closely related, evolutionarily independent units but as this point has not been formally resolved, they will be referred to here as taxa with the generic name Heterostoma used to include snails that might otherwise have been classi®ed as Steenbergia.
For land snails, water balance is one of the most critical environmental factors (Machin, 1967; Dallas, Curtis & Ward, 1991; Ward & Slotow, 1992; Chang & Emlen, 1993) . Once humidity is reduced below a certain level, differences are evident in desiccation tolerance both within and between species (e.g. Arad, Goldenberg, Avivi & Heller, 1993; . These differences seem to be functions of both the habitat and of the physical features of the snails themselves. For example, Arad, Goldenberg & Heller (1995) found that rock-dwelling species lose water more quickly than bush-dwelling species, and also identi®ed an effect of phylogeny on the mechanisms of desiccation tolerance. More primitive taxa tended to exploit features of the rock surface for protection while more derived taxa relied on physiological mechanisms (Arad, Goldenberg & Heller, 1995) . In Heterostoma there is already some suggestion that differences in response to humidity may be important. Field studies have identi®ed differences in habitat of the two taxa such that hemiphallics are found in drier areas characterized by rock and sand (a marginal habitat for the genus as a whole), while euphallics show a negative association with these factors (Craze & Lace, 2000) . There is also some evidence for a difference in the behavioural response of taxa. Euphallics become active later than hemiphallics in response to rain and seek the underside of rocks when humidity becomes reduced, while hemiphallics remain exposed on the rock surface (Barrett-Peacock, 1997) .
To investigate the suggestion that Heterostoma taxa respond differently to these environmental variables and to consider the relationship this may have to evolutionary divergence, we examined the viability of euphallic and hemiphallic snails under controlled, laboratory conditions that varied only in relative humidity and the frequency of simulated rainfall.
MATERIALS AND METHODS
Samples of Heterostoma were collected from the eastfacing slope of Pico de Baixo on Porto Santo and from Ilhe Âu de Cima. They were transported to the laboratory in a state of aestivation and sorted into taxa using the presence (euphallic) or absence (hemiphallic) of a tooth in the shell aperture. This is a reliable marker for the form of genital anatomy where the taxa are sympatric (Lace, 1992) . Fewer snails from Ilhe Âu de Cima survived transportation to the laboratory. For this reason experimental samples for Ilhe Âu de Cima were necessarily lower than for Porto Santo.
Throughout the experiment, snails were kept in sterile plastic boxes, 22616612 cm, lined with an autoclaved mixture of equal parts sand and soil. About half of the lined surface was covered with autoclaved stones and the top sealed with sterile gauze held in place with an elastic band. Pieces of lichen-covered limestone, c. 150 cm 2 total area, were added to each box as a food source. Each box contained 10 snails at the beginning of the experiment: 5 hemiphallics, all from the same island; 5 euphallics, also all from the same island although not necessarily the same 1 as the hemiphallics. Snails that died during the course of the experiment were not replaced. Conditions were controlled using the Biological Resources Unit at Manchester Metropolitan University and measured locally using a ETHG 880 combined thermometer/hygrometer. Boxes of snails were kept under 1 of 4 treatments as follows:
(1) temperature of 20 8C, ambient relative humidity (RH) of 45% further reduced in boxes by the addition of silica gel. RH in boxes was therefore between 30% and 45%. Silica gel was changed weekly; (2) as (1), but snails sprayed twice weekly with c.10cm 3 of distilled, autoclaved water to simulate rainfall; (3) as (1), but with RH of 80%; (4) as (3), but the snails were sprayed.
High RH and low RH samples were kept in separate, constant environment rooms measuring 26362.5 m. Spraying with water temporarily increases RH. This is particularly signi®cant for boxes kept at low RH. The time of exposure to elevated RH was reduced by adding fresh silica gel to these boxes immediately after spraying. This resulted in a return to RH similar to that in unsprayed boxes, after a mean time of 7.4 min for the high RH treatment and 31.2 min for boxes at low RH. Silica gel was also changed in unsprayed boxes at the same time in order to standardize experimental manipulation. During the experiment (31 weeks, from 16 August 1996 to 22 March 1997) variation in temperature was minimal with a maximum daily change of 38C. For the high humidity room, minimum, mean and maximum daily RH levels recorded inside boxes were 64%, 83% and 96%, respectively. For the low humidity room these were 22%, 47% and 68%. It is stressed that these are the maximum recorded variations and the degree of overlap between high and low humidity conditions is minimal. Levels of mortality were assessed at weekly intervals by examining each snail under the low power of a compound microscope with illumination from a strong, transmitted light source. In a live snail, the beating heart was visible (E. Gittenberger & B. Smith, pers. comm.). This method was not completely accurate, however. Although it was not possible to score a dead snail as living it was sometimes possible to miss the beating heart of a live snail if it was obscured or was beating particularly slowly. To overcome this, all snails, including those without simulated rainfall, were sprayed every 2 months to check mortality. This means that constant humidity treatments 1 and 3 are, in fact, closer to long periods of constant humidity with occasional, light rainfall.
Survival times were analysed using log rank tests and Cox proportional hazards models (Cox, 1972) . The hazard function was not assumed to be constant; rather 2 time-dependent covariates, derived by multiplying survival time individually by humidity and rainfall, were available during the model selection process.
RESULTS

Taxa from Porto Santo
Plotting the number of survivors (see Appendix) against the time of exposure clearly suggests a difference in response between taxa collected from Porto Santo ( Fig. 2) . More hemiphallics than euphallics survived to the end of the experiment under treatment 1, while this was reversed under all other treatments. Both taxa showed the lowest survival under conditions of high humidity and simulated rainfall, although euphallics seemed to be less seriously affected. Log rank tests show a signi®cant difference in survival times of taxa under all treatments (Table 1) . Hemiphallics were clearly more viable than euphallics under conditions of low humidity without rainfall while euphallics were more viable under all other conditions. Differences in response were greatest under treatments 1 (hemiphallics maximally viable) and 3 (euphallics maximally viable).
Taxa from Ilhe ÂudeC im a
On Ilhe Âu de Cima, there seemed to be a difference between taxa under treatments 1 and 3 with hemiphallics more viable under low humidity and euphallics more viable under high humidity (Fig. 3) . There was clearly no difference between the responses of the taxa under those treatments where rainfall was simulated. However, the apparent differences in viability between taxa under treatments 1 and 3 were not signi®cant (Table 1) . Power analysis was carried out using the formula of Freedman (1982) and using results from Porto Santo to generate expected numbers of deaths (Table 2 ). This showed that treatments 3 and 4 might cause concern because of low power and the power for treatment 2 is on the borderline of acceptable. The lack of signi®cance for the Ilhe Âu de Cima data may be a consequence of the smaller sample sizes involved. The lack of signi®cance observed under treatment 1, where power was acceptable, may be a consequence of greater variability in the response of Ilhe Âu de Cima animals under these conditions (Table 2) .
Analysis by Cox regression
In all treatments, stepwise Cox regression selected a time-dependent covariate composed of the product of survival time and rainfall as a signi®cant factor (Table 3) . This factor had a positive in¯uence on the hazard function. Euphallics at low humidity seemed to show a slightly increased time of survival when rainfall was simulated. However, this and all other differences between taxa and islands in the effects of rainfall were not signi®cant (overlapping 95% con®dence intervals for all comparisons). For hemiphallics on Porto Santo, humidity was also a signi®cant factor and, again, had a positive effect on the hazard function.
Check on the effects of box
No signi®cant difference was observed between the survival times of snails from different boxes under the same treatment (log rank tests; results not shown), nor were there any differences in the number surviving (overlapping 95% binomial con®dence intervals between boxes within treatments; results not shown).
DISCUSSION
Physiological tolerance of the genus as a whole
Previous to this study, qualitative works on Heterostoma paupercula and Steenbergia duplex had described both species as characteristic of drier, more open habitats (Cook, Cameron & Lace, 1990; Cameron, Cook & Gao, 1996; Cameron, Cook & Hallows, 1996) . These observations are con®rmed here where prolonged exposure to simulated rainfall markedly reduced the probability of survival of both taxa from both islands. The response is time dependent, suggesting that Heterostoma can survive and may even bene®t from short periods of rain, but suffers reduced viability if rainfall occurs repeatedly over a medium to long time scale. This is probably a major factor restricting the distribution of Heterostoma to the drier regions of the Madeiran archipelago; i.e. Porto Santo, the Deserta group and the far eastern end of Madeira (Cook, Cameron & Lace, 1990) . The long-term response of snails to simulated rainfall may be partly in¯uenced by the experimental design. Rainfall increases activity, so the energetic requirements of those snails under the simulated rainfall treatment would be expected to have a greater energetic requirement. It was not certain that snails could eat or digest the British epi¯ora available to them and this may have been a factor in the greater mortality observed under conditions of rainfall. Frequent rainfall may also have promoted the growth of pathogenic micro-organisms, despite attempts to sterilize snail enclosures. Rainfall may also have promoted waterlogging of snails, especially at high humidity; some dead individuals from this treatment were found with the body swollen and extended. The time dependence of the effect of rainfall is particularly clear in Fig. 2c , with euphallics showing 100% survival for almost half of the experimental period followed by a sharp increase in mortality. Note that rainfall alone slightly increased survival time of euphallics and markedly reduced survival time of hemiphallics (Table 1) .
Differences between taxa
Within this general relationship, however, it is apparent that differences exist in the response of hemiphallics and euphallics to environmental conditions, at least on Porto Santo. Hemiphallics seem to be specialized to survive under very dry conditions while euphallics survive better when humidity is higher. Such a ®nding is not unexpected given observed differences in the smallscale distribution of taxa. Hemiphallics are found in the presence of sand and rock (both indicative of a hotter, drier habitat), while euphallics are predominantly found under stones and in crevices in areas without sand or large amounts of rock (Craze & Lace, 2000) . On Ilhe Âu de Cima, there were no signi®cant differences between taxa under any of the treatments. Where rainfall was present there was not even an indication of a difference in response, but with respect to treatments 1 and 3 the apparent trend was in the direction expected from consideration of the Porto Santo data. Results for treatment 3 may suffer from low power and those for treatment 1 may reveal a marked increase in variability of response of the two taxa. Genetic evidence suggests that taxa on Ilhe Âu de Cima are more similar than they are on Porto Santo and the same conclusion may be suggested here with respect to ecology.
Implications of observed differences
Identi®cation of differences in the viability of taxa in tolerance of humidity, at least on Porto Santo, suggests one means by which they can coexist without overt competition. This and other, as yet, unidenti®ed differences in physiological tolerance may functionally explain the observed differences in habitat of the taxa (Craze & Lace, 2000) . However, the question remains as to whether ecological separation such as that observed here might have been important in the divergence of the taxa. Models of ecological speciation emphasize the effect of habitat differences (Maynard Smith, 1966; Tauber & Tauber, 1977; Rice, 1984; de Meeu Ã s et al. 1993; Bush, 1994) and empirical examples con®rm this (Schluter, 1994 (Schluter, , 1998 Orr & Smith, 1998) . The taxa of Heterostoma are much more similar to each other than either is to any other element of the Madeiran mollusc fauna (Cook, Cameron & Lace, 1990; Cameron & Cook, 1992) . Niche divergence in these taxa may therefore have been functionally important in the establishment of evolutionary independence (Tokeshi, 1999) .
Such a functional role can only be inferred from the present situation; there is currently no direct evidence linking divergence in physiological tolerance and speciation in Heterostoma. Excavations of fossil sequences from Pico de Baixo have so far not reached a depth that pre-dates the divergence of the present taxa, and instead show a pattern of relative stasis in shell morphology, distribution and relative population density (Craze, 1999b) . No data on physiological tolerance are available for snails from other sites on Porto Santo. These are exclusively euphallic (although one or two populations may represent intermediate forms; Lace, 1992; Craze, 1999b) . They do, however, differ in shell morphology and seem to occupy markedly different habitats (Craze, 1999b) . Evolutionary branching models of sympatric speciation require linkage disequilibrium between traits determining the niche and those determining assortative mating, and it may be that this requirement has only ever been met in the area currently occupied by hemiphallics and euphallics. This suggests there may be traits which are or have been responsible for assortative mating in Heterostoma. Variation in genital anatomy may be a good candidate for this. The lack of a difference in response for those populations from Ilhe Âu de Cima would also be a problem for a straightforward explanation of speciation by divergence in physiological tolerance with respect to humidity and rainfall. There are clear differences in distribution of the taxa on Ilhe Âu de Cima (Lace, 1992; Craze, 1999b) suggesting ecological separation between them, but whether this is in response to humidity, rainfall or some other, unmeasured factor remains to be shown. 
